Abstract. In the present study defect-free nanocrystalline (nc) Ni-Co alloys with the Co content ranging from 2⋅4-59⋅3% (wt.%) were prepared by pulse electrodeposition. X-ray diffraction analysis shows that only a single face-centred cubic solid solution is formed for each alloy and that the grain size reduces monotonically with increasing Co content, which is consistent with transmission electron microscopy (TEM) observations. In the nc Ni-Co alloys, both the ultimate tensile strength and the elongation to failure increase as the Co content increases. The TEM observations reveal that stress-induced grain growth during tensile deformation is significantly suppressed for the nc Ni-Co alloys rich in Co in sharp contrast to those poor in Co. We believe that sufficient solutes could effectively pin grain boundaries making grain boundary motions (e.g. grain boundary migration and/or grain rotation) during deformation more difficult. Thus, stress-induced grain growth is greatly suppressed. At the same time, shear banding plasticity instability is correspondingly delayed leading to the enhanced ductility.
Introduction
Nanocrystalline (nc) metals, with very high strength in contrast to their coarse-grained counterparts, will have extensive engineering applications in the future as adequate ductility is developed. In the past decade, plentiful investigations have been carried out with the objective of finding several proper routes to enhance the low ductility of nc metals. Ultrahigh strength combined with good ductility has been shown in some nc metals (Karimpoor et al 2003; Li and Ebrahimi 2004; Gu et al 2006; Guduru et al 2007; Wei et al 2007) . The improved ductility is mostly ascribed to enhancement of strain hardening which can suppress or delay plasticity instability in the process of plastic deformation (Wang et al 2002; Li and Ebrahimi 2004; Ma 2006) .
For nc metals, shear banding is a common type of plasticity instability. Shear bands are frequently observed on the surface of specimen, especially for the thin-sheet tensile specimen, as plasticity instability occurs in the deformation process (Dalla Torre et al 2002; Wei et al 2002; Misra et al 2005) . Inside the shear band, severely deformed microstructures such as elongated grains and grown grains are observed, while the grains in the exterior of the shear band show a relatively small change in the grain size and shape (Wei et al 2002) . Thus, we deduce that the shear bands caused by localized deformation might initially occur in the regions, where nanograins are experiencing fast growth driven by applied stresses. In recent years, the propensity of stress-induced grain growth in nc metals is well established by molecular dynamics ( . Based on the above facts, we are stimulated to consider such an issue: whether the extent of grain growth during room temperature (RT) tensile deformation affects the ductility, since fast grain growth driven by applied stresses could result in ultimate shear banding plasticity instability.
In the present study, a series of nc Ni-Co alloys with varying compositions were prepared by electrodeposition. First, the nc Ni-Co alloys were testified to be free of defects by tensile tests. Then, transmission electron microscope (TEM) observations were carried out using the as-deposited samples and the correspondingly as-deformed samples (from tensile failures) to compare the significance of grain growth during tensile deformation. On this basis, the relationship between the extent of grain growth during tensile deformation and the resulting ductility was investigated.
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Experimental

Fabrication method
In the present study an aqueous sulfamate-based electrolyte was used to produce nc Ni-Co alloys by square-wave pulse electrodeposition. ] (nickel sulfamate and cobalt sulfamate as nickel source and cobalt source, respectively), 20 g/L NiCl 2 ⋅6H 2 O, 30 g/L boric acid, 2⋅5 g/L soluble saccharin and 0⋅1 g/L lauryl sodium sulfate. Ni-Co alloys with varying compositions were obtained by only changing the Ni/Co ion ratio in the electrolyte with invariable other electrodeposition conditions. The main electrodeposition conditions are listed in table 1. Under these conditions, Ni-Co alloys, whose thickness was 180-200 μm, were deposited on stainless steel substrates, which had been polished to a mirror-like finish surface prior to electrodeposition. After electrodeposition, alloy deposits can be mechanically stripped from stainless steels.
Composition determination and microstructure characterization
The compositions of nc Ni-Co alloys were determined by the energy dispersive X-ray (EDX) spectroscopy method with a scanned area of 3 × 3 mm 2 . The composition unit is the weight percent (wt.%). The crystallographic structure of the as-deposited nc Ni-Co alloys were analysed by X-ray diffraction (XRD). XRD was carried out on a Philip X'Pert Pro MPP X-ray diffractometer using Cu-Kα radiation at an acceleration voltage of 45 keV and a current of 40 mA. In addition, the grain size was quantified by applying the integral breadth method to the {111} family of peaks (Zhang et al 2003) . The microstructures of nc Ni-Co alloys were observed by TEM. TEM observations were performed using a Tecnai G2 F20 S-TWIN operated at 200 kV. TEM samples were prepared by double-jet electropolishing using an electrolyte consisting of 5% (volume) perchloric acid and 95% (volume) ethanol at a temperature below -20°C. The TEM average grain size was determined from dark field TEM images using image analysis software (Photoshop 7.0) to count at least 300 grains for each sample.
Mechanical properties test and fracture analysis
Dog-bone-shaped tensile specimens with a gauge length of 10 mm and a gauge width of 3 mm were cut using an electro-discharging machine. Tensile tests were carried out on a CMT-6104 test machine at RT and a strain rate of 10 -3 s -1
. The tensile ductility in this study was measured through the gripping-head movement of the tensile machine. A XL30 ESEM-TMP environmental scanning electron microscopy (SEM) was employed to analyse fractured samples.
Results and discussion
Microstructure analysis
XRD patterns for specimens with compositions ranging from 2⋅4-59⋅3% Co are shown in figure 1. Several trends can be observed as the Co content increases. First, the crystal structure is unchanged with compositions. All of the peaks can be indexed with face-centred cubic (fcc) reflections, as expected for γ solid solutions. Second, the addition of Co clearly leads to substantial peak broadening, which is quantified through the trend of decreasing Figure 1 . XRD patterns for specimens with global Co content from 2⋅4-59⋅3%. The XRD grain size calculated using the integral breadth method is also shown for each specimen. Also shown for comparison is the XRD pattern for conventional polycrystalline Ni powder.
